INTRODUCTION IN THE NORMAL
CAT OR KITTEN about four-fifths of cells in the striate cortex can be driven by both eyes (3, 4) . If, however, one eye of a newborn kitten is sewn shut and the visual cortex recorded from 3 months later, only a small fraction of cells can be driven from the deprived eye (8) . In contrast, many cells in the latera .I geniculate are driven normally from the d ,eprived eye (7 ) , suggesting that the abnormality occurs somewhere between geniculate cells and cortex. Since clear receptive-field orientations and directional preferences to movement are seen in cortical cells of newborn visually inexperienced kittens, the deprivation effects presumably represent some sort of disruption of innately determined connections, rather than a failure of postnatal development related to lack of experience. In these experiments the use of monocular deprivation made it possible to compare adjacent geniculate layers, and also to compare the two eyes in their ability to influence cortical cells, so that each animal acted, in a sense, as its own control. The results led us to expect that depriving both eyes for similar periods would lead to an almost total unresponsiveness of cortical cells to stimulation of either eye. That should be so, provided the effects of depriving one eye were independent of whether or not the other eye was simultaneously deprived. It seemed worthwhile to test such an assumption, since any interdependence of the two pathways would be of considerable interest. We accordingly raised kittens with both eyes covered by lid suture, and recorded from the striate cortex when the animals had reached an age of 23-43 months.
METHODS
In 5 kittens the lids of both eyes were sutured together bilaterally 6-18 days after birth, just before normal eye opening or up to 8 days after (Table 1) . Lid closure reduces retinal illumination by 4-5 log units (7) , and undoubtedly prevents any form vision. One kitten was observed behaviorally at 3 months of age and was kept aside for physiological studies of recovery (9) . Single-cell recordings were made in the other 4 kittens (no. 34) at 24-43 months of age. In all, 10 penetrations were made and 139 units studied. positions of cells that a separate row to the right of the others.
could not be Two penetrations were made in the first of these kittens, and are illustrated to the left in Fig. 1 . No cells were driven from the right (deprived) eye. Cells recorded from the left hemisphere, al 1 driven from the left eye, were therefore classed as group 7; cells recorded from th e righ t hemisphere were all group 1. These two penetrations were thus similar to almost all of those made in the previous monocular deprivation series. Three penetrations, reconstructed to the right in Fig. 1 , were made in kitten no. 2. Two of these turned out to contain a region in which succes- sively recorded cells and unresolved backgroud activity were driven from both eyes or from the deprived eye alone. Each region formed only a small portion of the whole penetration.
In the third penetration cells were driven entirely by the normal eye, with one exception, a cell that was influenced by the deprived eye but strongly dominated by the normal eye. AND D, H, HUBEL
Of the 12 cells that were driven by the deprived eye, all but 1 were abnormal in one way or another. Most of them responded in a vague, unpredictable manner, and most lacked a precise receptive-field orientation. Some showed an unusually pronounced decline in responsiveness after several seconds of repeated stimulation.
Curiously, some cells were driven abnormally not only from the deprived eye but also from the eye that had been v74 Normal open all along. Similar abnormal cells were found after binocular deprivation, as described below, and after attempts to induce recovery (9) . Figure 2 shows the ocular-dominance histogram of all 199 cells recorded in monocular deprivation experiments.
The 13 cells that were influenced from the deprived eye amounted to about 7y0 of the total. While this figure is larger than the original monocular deprivation experiments suggested, it is undoubtedly more reliable, and confirms our impression that the proportion of cells influenced from the deprived eye is small. The proportion driven normally must be very small indeed. Perhaps more important is the suggestion that such cells may be aggregated in small regions of cortex which together make up only a small fraction of the total volume. -.-----.
recognized only by their maintained firing. The cortex may have contained unresponsive cells without maintained firing; they would not have been observed, in which case 27% would be too low. These results are for the 4 kittens taken together, but figures for the individual experiments were in reasonable agreement (Table 1) ; the proportion of cells that could be driven, normally or abnormally, ranged from 67y0 for kitten no. 3 to 80% for no. 5.
The normal cells showed all of the usual specific responses to properly oriented line stimuli. Some receptive fields were "simple" and others "complex,"
in the sense in which we have used these terms elsewhere (2, 3). Cells that responded abnormally had lost much of their specificity for precisely oriented lines, reacting with uniform briskness over a wide range of angles, and often showing no orientation preference at all. Some of these cells were driven from both eyes, and gave abnormal responses to both. Like most normal cortical cells, the abnormal ones generally gave no responses to diffuse light. None had concentric center-surround fields of the type found in the lateral geniculate body or retina. Many showed a tendency to tie actively the ht time a stimulus was introduced but with declining The ocular-dominance distribution is shown for one binocularly deprived kitten (no. 3) in Fig. 3A , and for all four kittens in Fig. 3B . The majority of cells could be driven from both eyes. Normal and abnormal cells were present in all groups in Fig. 3B , though there was probably some de- We have no evidence that unresponsive cells occur in the normal striate cortex (3, 4) .
In Fig. 4 one of three penetrations made in kitten 4 is reconstructed in detail. To the right of the figure is a tracing of a coronal section through the right postlateral gyrus. To the left, the electrodo lrack is expanded as in Fig. 1 . Lines within the circles indicate by their tilt the receptive-field orientation.
As in the normal animal, cells were aggregated according to receptive-field orientation. . Finally, the figure illustrates a tendency for cells to be aggregated in the cortex according to the predominating eye. For example, cells 1-13 form a sequence in which the contralateral eye consistently dominated.
As mentioned above, this grouping according to eye dominance is also found in normal cats, and is examined in more detail in the next paper (5).
Histological observations in the visual pathways.
Since the cortical physiology was so different from what might have been expected from the monocular closures, we were anxious to learn whether or not the geniculate histology would be consistent in the two studies. In monocular closures (7) there were marked abnormalities in the layers receiving input from thedeprived eye, consisting of a change in staining characteristics of'cells, a decrease in the volume of cell bodies and nuclei, and a loss of the clear un: stained substance between cell nests. The changes were obvious at a glance, on comparing the normal and abnormal layers. The decrease in mean crosssectional area of cell bodies amounted in the dorsal layers to 30-40 yO.
In animals with binocular closure there was surprisingly little to see on casual inspection. This is illustrated in the photomicrograph of Fig. 5A . The difference, however, was apparent rather than real. The changes were not obvious since abnormal cells did not stand out against normal ones on the same slide. Nevertheless, comparison with a normal geniculate as in Fig. 5B , or with normal layers in monocularly deprived kittens, showed that the same abnormalit ties were indeed present, and to an equal degree. No obvious histological changes were seen on simple inspection of Nissl or myelin sections of retina, optic nerve, superior colliculus, or cortex.
Behavioral effects. As the lid-sutured kittens grew up they adapted remarkably well to their blindness. They learned to move about adroitly in the large room where they were kept, and became so familiar with the objects in the room that a casual observer would hardly have guessed they could not see. Vision was tested in one kitten at 33 months by observing its behavior after separating the lids of one eye under a general anesthetic. The cornea and media appeared normal, the pupillary reflex was brisk, and there was no nystagmus.
Tactile placing reactions were present, but there was no visual placing. As the kitten moved about the room there were no indications that visual cues were used; placed in an unfamiliar room, it frequently bumped into large obstacles in its path. We concluded from these crude behavioral observations that for practical purposes the animal was blind. The result is in agreement with behavioral studies on animals raised in darkness (6) , and is similar to that obtained for the deprived eye in kittens raised with one eye covered (8) . The mechanism of this apparent interaction between the two converging pathways is at present quite obscure. The site of the interaction is presumably the cortex, since the evidence so far available indicates that few cells in the geniculate receive input from the two eyes. Within the cortex the most important site for anatomical convergence of the two paths is probably the simple cells, for these seem to be the first cells in the path that can be driven by both eyes. The similarity of simple and complex cells in their ocular-dominance distribution suggests that no further binocular convergence takes experiments to place at the complex cell distinguish simple and co (3) . No attempt mplex cells; to sa was made in these mple as many cells as possible we confined our efforts to mapping field position, size and orientation, and ocular dominance.
If simple cells are the site of the interacting deprivation effects, it may be possible to learn more about underlying mechanisms by studying these cells separately.
Regardless of where the interaction takes place, it is almost as though the afferent paths were competing for control over the cell, so that a reduction in efficiency in one set of synapses permitted at the first set's expense. This could simply be a space pandi Our previous finding that visual experience is not necessary for the formation of specific connections at the striate level (4) is confirmed by the fact that in the bilaterally lid-sutured animals many cells were driven normally. We have no hint as to why some cells remained apparently normal while others became unresponsive and still others developed pathological responses. The presence of a high proportion of responsive cells in these experiments is consistent with Baxter's observation
(1) of normal evoked responses in dark-reared cats.
It remains to comment on the relation between the physiological findings in these experiments and the behavioral defects. Monocular deprivation led to a marked decline in responsiveness of cortical cells to stimulation of the deprived eye, which agreed well with the marked blindness in that eye. Binocular deprivation produced a bilateral blindness even though there were plenty of responsive cells in the cortex, many of them apparently normal. The visual defects found in the two experiments may thus have different origins The abnormalities in area 17 could by themselves account for the loss of vision following monocular occlusion. With binocular occlusion one may have to look for impairment at levels central to area 17 to explain the blindness we observed, and also that which follows dark rearing (6).
SUMMARY
If a kitten is raised from birth with one eye sutured closed, recordings from the visual cortex at 3 months show that very few cells can be driven from the deprived eye (8) . As part of the present study these results were confirmed and extended in two kittens monocularly deprived for 8-10 weeks. In the 5 monocularly deprived kittens studied to date, 13 of 199 cells could be driven from the previously closed eye; all of these except 1 had abnormal receptive fields. Cells that responded to stimulation of the deprived eye tended to be aggregated into small regions of the cortex, so that over most penetrations no responses were seen from the deprived eye. From these results it was predicted that if animals were binocularly deprived for similar periods most of the striate cortex would be unresponsive to stimulation of either eye. To test this, the lids of both eyes were sutured together in 5 kittens shortly after the time of normal eye opening, and the animals raised in normal surroundings to an age of 2+-44 months. Responses in single cells of the striate cortex were observed in 4 animals. Contrary to what had been expected, responsive cells were found throughout the greater part of all penetrations, and over half of these cells seemed perfectly normal. The cortex was nevertheless not normal in that many cells responded abnormally, and many were completely unresponsive.
In the fifth kitten an eye was opened and vision tested. The pupillary response was normal but the animal from its behavior appeared to be blind.
Histologically the lateral geniculate body showed changes similar to those found after monocular deprivation, but they occurred throughout all AND D. H. HUBEL layers bilaterally: the Nissl-stained cells appeared pale, cross-sectional areas of cell bodies were reduced by about 40y0, and the pale substance between cell nests was greatly reduced in volume. There were no obvious changes in retinas or cortex.
It thus appears that at the cortical level the results of closing one eye depend upon whether the other eye is also closed. The damage produced by monocular closure may therefore not be caused simply by disuse, but may instead depend to a large extent on interaction of the two pathways.
